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Introduction
Osteosarcoma is the most common primary malignant bone tumor that occurs in children and adolescents [1] . It comprises about 20% of all primary bone cancers and is characterized by frequent metastasis and resistance to chemotherapy. Before the use of effective chemotherapy, the outcome for patients with osteosarcoma was poor, with 2-year overall survival rates of 15%-20% following surgical resection or radiotherapy [2] . With the use of neoadjuvant chemotherapy in recent years, the long-term survival rate has been improved to 70%-80%. However, the prognosis is still unsatisfactory because of lung metastasis or chemotherapy resistance. The most common chemotherapy agents are cisplatin, doxorubicin, and high-dose methotrexate [3] . Osteosarcoma cells are not highly susceptible to these drugs, and the serious side effects of chemotherapy are usually hard for patients to tolerate. Therefore, development of new alternative strategies for the treatment of osteosarcoma is necessary.
Ursolic acid (UA) is a natural pentacyclic triterpenoid carboxylic acid extracted from medical herbs and edible plants, and studies have shown that it unleashes a wide range of biological activities, including antiviral [4] , anti-bacterial [5] , hepatoprotective and antiinflammatory [6] . Furthermore, it has been involved in prevention and protection against cancers [7] . Its anti-tumor action is attributed to its ability to prevent tumorigenesis, inhibit proliferation, and induce apoptosis [8, 9] . The signaling pathways involved in UA activity might be different in various cancer cell lines, and the precise molecular mechanisms of UA involved in proliferation inhibition and apoptosis induction were still not clear . Since the biological activity of UA has been found to be relatively weak, we developed a new synthetic UA derivative: (1S,2R,4aS,6aS,6bR,13aR)-N-(1-benzylpiperidin-4-yl)-1,2,6a,6b,9,9,13a-heptamethyl-1,2,3,4,4a,5,6,6a,6b,7,8,8a,9,13,13a,13b,14,15b-octadecahydropiceno [2,3-d] isoxazole-4a-carboxamide and its abbreviation is Isoxazole Usolic Amide 1a ( IUA ), which has a putatively much stronger biological activity compared to UA.
C-Jun-N-terminal kinase (JNK) is a mitogen-activated protein kinase family member that was first described in the early 1990s [10] [11] [12] . JNK is known to be involved in diverse cellular functions such as cell proliferation, differentiation, and apoptosis based on phosphorylation [13] . The role of the JNK pathway in apoptosis is still highly controversial. Activation of the JNK signaling pathway has now been frequently associated with apoptotic cell death, and inhibition of JNK can prevent apoptosis and death of multiple cells [14] [15] [16] . In some cell lines the converse has been reported: inhibition of JNK activity promoted apoptosis, and JNK activation protected cells from apoptosis [17] [18] [19] . Therefore, the role of JNK in cells' proliferation, apoptosis, and death is perplexing. JNK can work as positive or negative mediators in apoptosis, which could be accounted for by the possibility that multiple isoforms of JNK proteins exert different and opposite effects, and that phosphorylation by JNKs can lead to both activation and inhibition of substrate function [20] .
Here, we evaluated the effect of IUA on osteosarcoma cells proliferation and apoptosis and analyzed its regulation of the key proteins in some signaling pathways involved in cell proliferation and apoptosis. Our results showed that anti-proliferation and pro-apoptotic effects of IUA in osteosarcoma cells were mediated through modulation of the JNK signaling pathway.
Materials and Methods

Reagents and Antibodies
IUA was synthesized by the School of Chemistry and Chemical Engineering, Nanjing University, China. a Reagents and coditions: (a) 1-benzylpiperidin-4-amine, Et3N, rt, CH2Cl2, 24 h (65%). Figure 1 shows the outline for the synthesis of the compound IUA from compound 2. Compound 2 was synthesized following the reported method [21] . Then, to a stirred solution of 2 (96.68. 0.20 mmol) in anhydrous CH2Cl2 (25 mL) was added oxalyl chloride (251.86 mg, 2.0 mmol) at 0 °C and the reaction mixture was stirred overnight at room temperature. Then the solvent was removed and was added 1-benzylpiperidin-4-amine (0.24 mmol), Et3N (101.19 mg, 0.30 mmol) and stirred for 12 h at room temperature. On completion, the solvent was evaporated and the residue was poured into water (50 mL) and extracted with AcOEt (50 mL × 3). The organic layer was dried over anhydrous Na2SO4 and evaporated. 4864 . Stock solution at 20 mmol/L was made with dimethyl sulfoxide (DMSO; Sigma, America) and stored in the dark at -20°C. The final concentrations used for different experiments were prepared by diluting the stock solution with DMEM medium. Triazole nitrogen blue MTT (3-(4,5-dimethyl-2 thiazolyl)-2, 5-diphenyl tetrazolium bromide salt) and JNK inhibitor (sp600125) were purchased from Sigma Corporation. Rabbit monoclonal antibody against p-JNK, JNK, p-ERK, ERK, p-AKT, AKT, p-c-jun, c-jun, P65, caspase-3, caspase-9, PARP, and β-actin and goat or mouse antirabbit IgG were obtained from Cell Signaling (USA). Annexin V-FITC/PI and Hoechst 33342 were obtained from BD Biosciences (East Rutherford, NJ, USA).
Cell lines and animals
Human osteosarcoma cell lines U2-OS, HOS, and Saos-2 were purchased from ATCC (USA). The mouse osteosarcoma cell line LM-8 was established by Tatsuya Asai, et al. Mouse cell lines K7, K7M3 were from Dr. Kleinerman's lab in MD Anderson Cancer Center, which were originally established by Khanna. All cells were cultured in DMEM media supplemented with 10% heat-inactivated fetal bovine serum, 100 mg/ ml penicillin, and 100 mg/ml streptomycin. Cultures were maintained in an incubator with a humidified atmosphere of 95% air and 5% CO2 at 37°C. Mice were purchased from the Chinese Academy of Sciences (Shanghai, China).
Cell proliferation analysis
Osteosarcoma cells (U2-OS, HOS, Saos-2, K7, K7M3 and LM-8) were seeded in a 96-well plate at 3-8×103 cells/well and cultured for 12 hours to allow attachment. Then cells were treated with a concentration gradient (0, 0.1, 1, 5 and 10 μmol/L) of IUA for different periods of time (0-72 hours), and afterwards 20 µl of MTT solution (5 mg/ml, Sigma-Aldrich) was added into each well and incubated for 4h. The growth medium was then removed and replaced with DMSO (150µl /well) in order to solubilize the blue-purple crystals of formazan. The absorbance was then measured using a model ELX800 Micro Plate Reader (BioTec Instruments, Inc.) at 490 nm. The survival rate = absorbance value of the treatment group / absorbance of the control group × 100%. Western-blot analysis K7, HOS and Saos-2 cells were treated with different concentrations of dex-UA for 8 hours . Cells were washed twice with PBS solution , lysed with RIPA Lysis Buffer (Beyotime Institune of Biote chnology, Shanghai, China) and protease inhibitor (Thermo scientific). Lysates were clarified by centrifugation at 12,000 rpm for 10 min at 4°C. Protein concentrations were determined by BCA protein assay kit (Thermo Scientific). Samples (50 μg) were boiled in an equal volume of sample buffer (20% glycerol, 4% SDS, 0.2% Bromophenol Blue, 125 mmol/L Tris-HCl (pH 7.5), and 640 mmol/L 2-mercaptoethanol) and separated on 8-12% SDS-polyacrylamide gels. Proteins resolved on the gels were transferred to nitrocellulose (NC) membranes. Membranes were blocked with 5% milk in 10 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl with 0.05% Tween-20 (TPBS) and probed with protein-specific antibodies to p-JNK, JNK, p-ERK, ERK, p-AKT, AKT, p-c-jun, c-jun, P65, caspase-3, caspase-9, PARP, or actin (all at 1:1000 dilution) overnight at 4°C, washed for 10 min three times with Tween-20 (1:1000 dilution)-TPBS, followed by incubation with secondary antibodies (mouse anti-rabbit IgG) at room temperature for 1 h. Membranes, washed for 10 min three times, and relative expression of proteins were analyzed using Odyssey software. The signal generated by Actin was used as an internal control.
Xenograft model
Four-week-old female BALB/c mice (weight 16-18 g) were kept under specific pathogen-free conditions and supplied with sterile food and water. Approximately 1×10 7 K7 cells were injected into the right femur of each nude mouse under aseptic conditions. Tumor growth was continuously monitored. When the size of the tumor reached 5 mm × 5 mm, mice were randomly divided into two groups (n=6), and IUA was intraperitoneally injected (20 mg/kg/d) every other day. After two weeks, the mice were sacrificed, and the tumor legs were completely resected and weighed. The weight of the mice at the beginning and end of the experiment was also recorded. Percentage tumor inhibition was calculated as (1 -final weight of tumor in the experimental group / the final weight of tumor in the control group) × 100% . This study was performed with the approval of the local ethical committee(NO 2014014) and all the experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 (La Jolla, CA, USA). All measurement data were expressed as mean ± standard deviation (SD) and compared between two groups using Student t test. P < 0.05 was considered statistically significant.
Results
Effect of IUA on osteosarcoma cell proliferation
To investigate the biological activity of our newly synthesized compound IUA on osteosarcoma cells, we measured its impact on the growth of a panel of osteosarcoma cells including K7, K7M3, LM8 HOS, U-2 OS, and Saos-2 by MTT assay. The results showed that IUA significantly decreased viability of osteosarcoma cells in a dose-and time-dependent manner. UA-derivative concentration of 10 μmol/L for 72 hours resulted in survival rates for K7, HOS, U2-OS, Saos-2, LM8, and K7M3 cells of 14.94±2.0, 14.47±0.5, 30.21±2.7, 22.20±0.4, 5.85±1.9 and 20.10±0.3%, with value of P < 0.05 (Fig. 2) .
IUA induces apoptosis of osteosarcoma cells
Osteosarcoma cells K7 were treated with IUA (0, 5, 10 μmol/L) for 48 hours. Annexin V/PI (BD Biosciences) double staining was conducted by flow cytometry. As shown in Fig. 3 , the four quadrants in each panel correspond, respectively, to necrotic cells (upper left), late apoptotic cells (upper right), viable cells (lower left), and early apoptotic cells (lower right). Which showed that IUA induced early apoptosis and late apoptosis in the osteosarcoma cells (Fig. 3) . At 5 μmol/L, the apoptosis rate of K7 was 11.1%, and at 10 μmol/Lthe apoptosis rate was 34.6%. When compared with the rate in untreated control cells, which was 5.4%, the result confirmed that IUA induces apoptosis of osteosarcoma cells.
IUA arrested osteosarcoma cells in G1 Phase
Mouse osteosarcoma cells K7 were treated for 48 h with IUA (0, 5, 10 μmol/L). Using flow cytometry analysis, we showed that the S phase was significantly decreased and G1 Western-blot analysis was performed after treatment with IUA at 5 μmol/L and 10 μmol/L for 12 hours. The levels of p65, p-p38, and p-ERK kinase, as well as ERK and p38 kinase, did not change (Fig. 5A) . The levels of p-JNK kinase decreased significantly after the treatment with IUA as well as its down downstream protein, c-jun kinase, but the total JNK and c-jun changed inconspicuously (Fig. 5B) . The same change in the JNK signaling pathway occurred in human osteosarcoma cell lines HOS (Fig. 5C ) and Saos2 (Fig. 5D ). K7 cells were treated with IUA (5 μmol/L), with JNK-selective inhibitor SP600125 (100 μmol/L), or with IUA (5 μmol/L) and SP600125 (100 μmol/L) for 48h. Then cell viability was determined by MTT analysis (Fig. 5E ). Treatment with IUA at 5 μmol/L and 10 μmol/L resulted in a marked increase of cleaved caspase-3 protein in K7 cells (Fig. 5F ). 
IUA inhibits proliferation and induces apoptosis of osteosarcoma cells via the inhibition of JNK pathway
To elucidate the molecular mechanism by which IUA inhibits proliferation and induces apoptosis of osteosarcoma cells, we performed western-blot analysis after treatment with IUA at 5 μmol/Land 10 μmol/Lfor 12 hours to study the signaling pathways' change. The results showed that in osteosarcoma K7 cells, the levels of p-JNK kinase decreased significantly after the treatment with IUA, while the levels of p65, p-p38, and p-ERK kinase, as well as total JNK, ERK, and P38 did not change. In addition, the phosphorylation of JNK was negatively correlated with IUA concentration (Fig. 5A) . In order to confirm our finding, we examined the JNK pathway's main downstream protein, c-jun, and we found that p-c-jun was decreased, while total c-jun level was very slightly decreased. (Fig. 5B) . We also detected similar changes in JNK pathway in HOS and Saos-2 cell lines (Fig. 5C, Fig. 5D ). Interestingly, the total c-jun was not decreased in HOS and Saos-2. Moreover, the decrease in p-c-jun levels varied in cell lines and appeared to be modest in the Saos-2. We further examined whether IUA activates the caspase-dependent apoptotic pathway in K7 cells. The effects of IUA on expression of the cleaved proteins of three key apoptosis-related proteins (PARP, caspase-3, and caspase-9) were detected by western-blot analysis at 12 hours after treatment. As shown in Fig. 5F , treatment with IUA at 5 μmol/L and 10 μmol/L resulted in a marked increase of the cleaved caspase-3 protein, but levels of cleaved PARP and cleaved caspase-9 did not change (data not shown).
To further confirm the involvement of the JNK signaling pathways in the IUA-mediated apoptosis and inhibition of cell proliferation, we next analyzed the effects of the JNKselective inhibitor on IUA-mediated proliferation inhibition in K7 cells. Pretreatment of cells with JNK inhibitor SP600125 (100μmol/L) or IUA (5μmol/L) inhibited cell proliferation, however combination of IUA with SP600125 did not show increase in the inhibition rate of cell proliferation (Fig. 5E ). This data suggested that the overlap of mechanism between two compound which supported the regulation of JNK pathway by IUA . However, IUA intriguingly is a more potent JNK inhibitor that with much lower IC50 compared to SP600125. These data indicated that IUA inhibits proliferation and induces apoptosis in osteosarcoma cells via the down-regulation of the JNK signaling pathway.
Osteosarcoma growth was inhibited by IUA in vivo
To examine the antitumor activity of IUA in vivo, we treated OS-bearing mice with IUA. The results showed that tumor weight was significantly decreased by IUA treatment compared to the control group (P = 0.0027) (Fig. 6) . Water intake and gain in body weights did not differ significantly among the control and IUA-fed groups during the experimental period (data not shown). In addition, no mouse died during treatment with either compound or from the control group until the end of the experiments (data not shown). These results indicate that IUA had an anti-osteosarcoma effect in vivo.
Discussion
Ursolic acid as a natural pentacyclic triterpenoid carboxylic acid exists widely in medical herbs and edible plants and has been shown to exhibit low systemic toxicity along with a wide range of biological activities, including prevention and protection against cancers and inducing the apoptosis of cancer cells [22] . However, the precise molecular mechanisms and signaling pathways by which UA induces apoptosis and proliferation inhibition remain unclear. The main adverse effects of UA are impaired male fertility, sperm motility inhibition, and DNA damage [23, 24] .
Apoptosis is a form of cell death coordinated by a network of genes and is a key target in the development of new anti-cancer therapies. Apoptosis can be activated through at least two signaling pathways: caspase-dependent and caspase-independent [25] . Several studies have suggested that JNK cascades have a critical role in regulating cytotoxic drug-induced apoptosis in osteosarcoma. JNK is known to be involved in controlling diverse cellular functions, such as cell proliferation, differentiation, and apoptosis based on phosphorylation [26, 27] . Many cancers, including retinoblastoma, melanoma, breast and ovarian cancers, exhibit elevated JNK activity. The activation of JNK in osteosarcoma cells is also higher compared to osteoblastic cells [28] . In some instances, the role of JNK in apoptosis is further complicated. The role of the JNK pathway in apoptosis is both cell type-and stimulusdependent. Furthermore, individual JNK isoforms can play different roles in regulation of the apoptotic process, and different components of the JNK cascade can have opposing roles in apoptosis, even in the same cell type in response to identical death stimuli [20] .
In this study, we synthesized a new UA-derivative with the goal of strengthening the biological activity of UA. We found that IUA could induce apoptosis and inhibit the proliferation of osteosarcoma cells in vitro and in vivo. To elucidate the mechanisms of our synthetic UA derivative's anticancer actions, we first investigated its pro-apoptotic properties. Utilization of propidium iodide (PI) and fluorescein isothiocyanate (FITC)-conjugated Annexin V (Annexin V-FITC) is a standard procedure to monitor the progression of apoptosis [29] . Annexin V-FITC/PI double staining showed that IUA induced apoptosis in a dose-dependent manner. We also found that osteosarcoma cells treated with IUA had a decrease of the S-phase and increase of the G1-phase cells ,which led us to hypothesize that IUA exerts its anti-tumor effect through arresting cells in the G1 phase.
Members of the MAPK family and Akt are important regulators of stress responses, including the induction of apoptosis. Several studies have suggested that Akt, p38, JNK, and ERK1/2 cascades have critical roles in the induction of apoptosis [30, 31] . Therefore, to elucidate the mechanisms underlying IUA-induced apoptosis, the levels of Akt, p-Akt, p38, p-p38, JNK, p-JNK, ERK1/2, and p-ERK1/2 were analyzed by Western blotting in osteosarcoma cells. The p-JNK levels were suppressed by IUA. The JNK pathway downstream protein c-jun then was analyzed, and we found that p-c-jun was also suppressed. The p-c-jun surpress degree were a little different in K7, HOS and Saos-2, probably due to the total p-cjun protein content and sensibility to this drug had some variations in different cells. This result was consistent with suppression of JNK. To further confirm the involvement of the JNK signaling pathway in IUA-mediated apoptosis and inhibition of cell proliferation, we next analyzed the effects of JNK-selective inhibitor on IUA-mediated proliferation inhibition in K7 cells. Pretreatment of cells with JNK inhibitor SP600125 (100 μmol/L) or IUA (5 μmol/L) inhibited cell proliferation at about 50%, and a combination of IUA (5 μmol/L) with SP600125 (100μmol/L) slightly increased the inhibition of cell proliferation. However, the addition of IUA did not significantly change proliferation inhibition in the K7 cells pretreated with JNK inhibitor, confirming the role of IUA in regulating JNK signaling. These results suggest that IUA is a selective JNK inhibitor. Apoptotic cell death is a highly regulated process that is characterized by stereotypical morphological changes of the cellular architecture. Activated caspases 3 has been identified as one of the key regulator enzymes that mediate these morphological apoptotic hallmarks [29] . An increase in cleaved caspase-3 protein was detected perhaps because the JNK-dependent apoptotic signaling pathway and caspasedependent apoptotic signaling pathway can interact with each other [32] . Specifically, the start-over of JNK-dependent apoptosis by IUA may also affect some caspase-dependent apoptotic signaling pathway.In summary, IUA inhibited the phosphorylation of JNK protein, resulting in an inactivation of the cell growth and apoptosis-related JNK signaling pathway. Inactivation of the JNK signaling pathway might through trigger mitochondrial depolarization and the release of cytochrome c to the cytosol to stimulate the activation of caspase-3 [33] , thereby induced JNK-dependent and caspase-dependent apoptosis. In our in vivo study, we found that IUA (20 mg/kg/d) obviously inhibited tumor growth during the 2-week treatment period. Therefore, we infer that IUA inhibits osteosarcoma growth and induces apoptosis via the down-regulation of the JNK signaling pathway. Our results revealed evidence of the biological mechanism of IUA on osteosarcoma cells.
Conclusion
To the best of our knowledge, the newly synthetic ursolic acid derivative IUA we used in this study is a new derivative of ursolic acid, and it is the first derivative reported to have anti-tumor activity when tested on osteosarcoma cells in vitro and in vivo. Although we found that IUA inhibits proliferation and induces apoptosis in osteosarcoma cells via the down-regulation of the JNK signaling pathway specifically, it remains to be seen if there are other intersecting pathways by which this compound exerts its anti-proliferative, apoptotic, cell cycle-modulating activities. Our findings suggest that our new synthetic, IUA, may be a promising agent for the prevention and treatment of human osteosarcoma.
